The spatio-temporal variability of precipitation over the United States using a 30-yr, gridded hourly precipitation dataset is studied. Orthogonal wavelet transform is applied to the time series at each grid box to capture the temporal scales of fluctuation at 17 different timescales ranging from 2 h to 15 yr. Rotated principal component analysis is then applied to the transformed series to identify spatial coherence of the temporal scales of fluctuations. The results indicate that the energy of the fluctuations shows an approximate power-law relationship with respect to scale in most regions. The spatial organization of the temporal variability shows coherence at distinct scales identified as the subdiurnal (2-16 h), synoptic (16 h-22 days), seasonal (42 days-1 yr), and climatic mode (15 yr). The synoptic scale explains the largest spatial variance of the fluctuations in precipitation and is spatially coherent; the subdiurnal mode is spatially less coherent. The seasonal mode is dominant over the Pacific Northwest, whereas the climatic mode has large amplitude only over California. When examining the winter and summer seasons separately, it is found that the winter precipitation fluctuation is more associated with synoptic scale; the summer fluctuation is associated with shorter timescales or the subdiurnal scale. Studies of extreme summer drought and flood events over the Midwest indicate that anomalously wet or dry years are manifestations of persistent anomalous wet or dry conditions across all temporal scales, with the maximum contribution for the wet events being affected by the synoptic-scale activities.
Introduction
Understanding the nature of spatial and temporal variability of precipitation is important to improve the predictability of climatic events such as floods and droughts. Past research on the physical nature of the anomalous precipitation events has mainly focused on the seasonal mean precipitation and the relationship of these anomalies to external forcing and the atmospheric circulation. For example, Namias (1955) studied the summer drought of 1952-54 in the United States and argued that the persistent recurrence of an anomalous summer anticyclone over the central United States was the cause of the drought. More recent studies using more extensive data (Namias 1982; Trenberth and Guillemot 1996; Mo et al. 1995; Ting and Wang 1997; among others) have confirmed that floods and droughts/heat waves over the United States are extreme local manifestations of anomalous persistent conditions in the atmosphere over the Pacific and North American regions. One of the possible causes for the persistent atmospheric circulation anomalies is the Pacific sea surface temperature anomalies (Trenberth and Guillemot 1996; Ting and Wang 1997) . Others have also emphasized the important role of soil moisture feedback mechanism in the maintenance of droughts the floods (e.g., Dirmeyer 1994; Atlas et al. 1993) . More direct links of atmospheric circulation anomalies and the precipitation anomalies are widely studied, such as the moisture transport from the Gulf of Mexico to the Great Plains and the relation to the low-level jet (Mo and Higgins 1996; Higgins et al. 1996a,b; Schubert et al. 1998) . Because of the complicated spatio-temporal structures of precipitation, the physical linkage between atmospheric circulation anomalies and the amount of precipitation is difficult to establish. For example, the 1993 summer floods may be related to the mesoscale processes, such as the mesoscale convective complexes, or to synopticscale processes such as the anomalous storm track behavior (Mo et al. 1995) , or both. In addition, Kunkel et al. (1993) found that the total amount of precipitation
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accumulated over a time period is determined largely by the less frequent heavy precipitation events, which may be mesoscale in nature.
To gain a proper understanding of the dynamics and physics behind precipitation, we need to obtain a better understanding of the variability of precipitation both in space and time. This variability ranges from a few square kilometers to several thousand kilometers spatially and from a few minutes to several days temporally, depending upon the meteorological conditions. Given the complexity of the precipitation variability on various temporal and spatial scales, it is necessary to develop a systematic method for examining the spatio-temporal variability of precipitation. Wavelet transforms have become increasingly acceptable tools to segregate different scales of variability meaningfully. Weng and Lau (1994) applied wavelet transforms to convection over the tropical western Pacific and identified multiple timescales in tropical convection. Study of spatial organization of precipitation and clouds using orthogonal wavelet transforms revealed simple scale-to-scale relationships in the moments of precipitation fluctuations (Kumar and Foufoula-Georgiou 1993a,b) that have enabled the development of successful statistical models for subgrid variability of rainfall (Perica and Foufoula-Georgiou 1996) . However, these results are applicable only at the storm scale, and they do not explore the relationship between the spatial and temporal scales. Schubert et al. (1998) studied the variability of warm-season moisture entering the United States from the Gulf of Mexico at several timescales ranging from diurnal to 16 days, based on an index obtained using wavelet transforms of moisture transport, and characterized the role of moisture in producing precipitation at those particular scales.
The current study is an attempt to characterize the variability of precipitation in the United States from hourly to climatic timescales. In particular, the spatial patterns associated with the various temporal scales of variability are studied. Patterns of variability of precipitation over a 30-yr period are identified in the hope that they will provide insight into the underlying physical mechanisms. Particular attention has been paid to extreme events. In this study, the temporal scales are determined using the wavelet transforms, whereas the spatial organizations are identified using the rotated principal component analysis (PCA; Wilks 1995). Thus, those temporal scales with similar spatial organizations are grouped together naturally by the rotated PCA method. Four dominant timescales emerge from the analysis; timescales less than 1 day (identified here as the subdiurnal mode), timescales ranging from 2 to 11 days (identified as the synoptic mode), timescales between 42 days and 1 yr (called the seasonal mode), and timescales greater than 7.5 yr (called the climatic mode). A similar method was applied by Saco and Kumar (2000) to capture the spatial patterns of coherence in the temporal scales of variability of streamflow response. A predesigned time filter may also be used to separate different temporal scales of precipitation (Higgins et al. 1996a; Schubert et al. 1998 ), but these scales are often chosen independently of the spatial organizations. The importance of using orthogonal wavelet transforms is that the individual scales being studied are independent of each other. Thus, the total energy of the data is the sum of all the energies at the individual scales. The spatial scales of precipitation in this study range from the smallest grid scale of 250 km to a few thousand kilometers. The smallest resolvable timescale in this analysis is 2 h. The novel approach taken in this study is the attempt to examine both the spatial and temporal organization of precipitation simultaneously without the use of a predesigned filter. Because of the wide spatial coverage (United States) and the long period (30 yr) of the data used, conclusions drawn in this study are of general validity. In addition, the unique characteristics of the spatio-temporal variability of precipitation in the individual seasons are studied, with particular attention paid to summer and winter. An approach to study the multiscale nature of extreme precipitation events such as flood and drought behavior has also been indicated in this study. This research will serve as the basis for a future comprehensive analysis of the relation between each precipitation scale and the associated atmospheric circulation as well as the forcing mechanisms.
The paper is organized as follows: following a description of the data and the analysis method in section 2, the main results of the temporal wavelet transforms and the rotated PCA will be presented in section 3. The concluding remarks and some future plans are presented in section 4.
Data and methodology

a. Data
A comprehensive 30-yr gridded hourly precipitation dataset for the coterminous United States (Higgins et al. 1996a ) is used in this study. The data are compiled by the Climate Prediction Center at the National Centers for Environmental Prediction, part of the National Weather Service of the National Oceanic and Atmospheric Administration. The data we use cover the period from 1 January 1964 through 31 December 1993. The original data were station observations for approximately 2500 stations all over the United States. To make the data more manageable, they were gridded into 2Њ latitude by 2.5Њ longitude boxes. At each grid point, there is a time series with about 262 800 data points (24 h ϫ 365 days ϫ 30 yr). This dataset is ideal for studying precipitation variability on timescales ranging from a few hours to several years. The dataset also covers a few extreme events along with the most recent drought (1988) and flood (1993) years. It is, therefore, a useful dataset for understanding the nature of the precipitation variability during these recent events. Because orthogonal wavelet transforms are used to extract the vari-
ability at the different temporal scales, the length of the data has to be of length 2 N (where N is any integer). This requirement restricts the time frame of the data from 1 January 1964 to 25 November 1993. The results in this analysis are affected by the nonuniform distribution of rain gauges across the United States that underlies the gridded dataset. The number of gauges in the eastern two-thirds of the United States is greater than those in the mountainous terrain. Hence values of precipitation from regions close to the Rocky Mountains may not be as reliable as those in the eastern United States, where the density of gauges is high (see Fig. 1 of Higgins et al. 1996a) . Although the gauge count does not fluctuate much by season (R. W. Higgins 1999, personal communication) , the undercatchment may be a problem in the winter season over the Rockies and the northern plains. In addition, the 2Њ by 2.5Њ latitudelongitude resolution precludes the study of the subgrid convective scale, which may be important for hourlytimescale precipitation events.
b. The wavelet transforms
The wavelet transform is a localized transform in both time and frequency. Wavelet transforms have been applied successfully to geophysical time series to understand their temporal scales of variability (Kumar and Foufoula-Georgiou 1993a; Weng and Lau 1994) . In this study, orthogonal wavelet transforms are used on the discrete precipitation time series. These orthonormal bases ⌿ m,n (t) are obtained by the translation and dilation of a mother wavelet ⌿(t) and are given as (Daubechies 1988; Mallat 1989a,b) 
We can obtain a series expansion of a function f (t) as where the first summation is over scales (from small to large), and the second summation is over all translates. The coefficients D m,n , called wavelet coefficients, are obtained as
Ϫϱ
The wavelet coefficients D m,n capture the local characteristics of the function f (t) at the location t ϭ n2 m and scale index ϭ 2 m . The simplest example of orthogonal wavelet is provided by the Haar wavelet, given as
and is the waveform used in this study (see Fig. 1a ). A wavelet spectrum is defined as (Meneveau 1991; Yamada and Ohkitani 1991) 
m m , n n which is akin to the Fourier spectrum and provides the total energy of the function f (t) at the scale ϭ 2 m . Wavelet coefficients are influenced by local features; Fourier coefficients are influenced by the function on its entire domain, and therefore Eq. (5) provides a better measure of variance attributed to localized events. The physical timescales corresponding to the data are 2, 4, 8, 16, and 32 h; 2.7, 5.4, 11, 21, 43, 85, 171, and 341 days; and 1.9, 3.7, 7.5 , and 15 yr, identified as scale indices 1-17, respectively. Figure 1 shows an example of the Haar wavelet transform on the 1993 hourly precipitation time series at one chosen spatial grid in the northern Great Plains region (40ЊN, 92.5ЊW). The reconstructed series using the wavelet coefficients for each scale are shown here for the different temporal scales m ϭ 1, . . . , 8 as d1, d2, . . . , d8, and s8, respectively, as a function of time n ϭ 1 to 8760 (Fig.  1b) . [Here, s8 is indicative of the recursive progression from finer to coarser scale obtained using the equation (t) .] These energy coefficients illustrate precipitation fluctuations from hourly timescales (d1) to synoptic timescales (d7) and can be viewed as filters for the corresponding scales. These temporal fluctuations are most pronounced in the summer (n ϳ 4500) because of the atmospheric disturbance that caused the record floods over the midwestern region. The Haar wavelet is shown in Fig. 1a , and the percentage energy at each scale of the wavelet spectrum calculated based on Eq. (5) is shown in Fig. 1c . The wavelet spectrum shows a drop of energy as timescale increases. The largest energy is attained at the shortest timescales, that is, 2-4 h.
c. Rotated principal component analysis
Wavelet transforms are useful in segregating the time series at each grid point into those associated with distinct timescales and are applied to every grid point over the coterminous United States. A total of 17 timescales, that is, m ϭ 1, . . . , 17 in Eq. (5), are identified using the wavelet transforms described in the previous subsection, determined by the total length of the hourly data (2 17 ϭ 262 144 h). The calculated energies of the wavelet components at each timescale form the wavelet spectrum at each spatial grid (see Fig. 1 ). Each wavelet spectrum consists of 17 values representing the variance associated with the 17 timescales, E i,1 , E i,2 , . . . , E i,17 at each spatial grid i, with temporal scales ranging from 2 h to 15 yr. The energy spectrum at each spatial grid forms a scale series. The scale series at all spatial grids form an N ϫ M matrix X, which contains the variance of M temporal scales at N grid points: The matrix X is standardized by subtracting the mean averaged over all N grid points and divided by the corresponding standard deviation at each scale:
where
The principal component analysis is applied to the scale series by finding eigenvalues and eigenvectors for the correlation matrix,
Thus the correlation matrix R is an M ϫ M matrix, with M ϭ 17 temporal scales. A correlation matrix, rather than the covariance matrix, has been used in this PCA to give equal emphasis to all the energies at the various scales. A covariance matrix would tend to emphasize scales with larger variances (Wilks 1995) . Thus, when a covariance matrix is used, the principal components will tend to emphasize the smaller scales in this study. The usage of the correlation matrix avoids this problem. Because the spatial fluctuation of the precipitation at one timescale is not entirely independent of those at other timescales, Varimax rotation is used to reduce the degree of freedom of the scale series from 17 to a smaller number. The number of components retained for rotation is based on the Scree test (Wilks 1995) , which picks out four modes. We find the first four modes explain more than 96% of the total spatial variance of energy. By examining the temporal scale and the spatial structure associated with each rotated PCA mode, the spatio-temporal organization of the precipitation can be determined. Figure 2 summarizes schematically the computational procedures of this study. The wavelet transforms are applied to every grid point over the United States. At each grid point, there are 17 scale series based on the original precipitation time series. The rotated PCA is applied to the energy of the 17 scale series to identify
FIG. 2. Schematic illustration of the wavelet transform and the rotated PCA technique used in this study. From the top: the precipitation time series at each spatial grid is subjected to Haar wavelet transform and decomposed into 17 scale series, and RPCA is applied to the energy field of the 17 scale series to obtain the dominant spatial structures of precipitation variability.
the dominant modes of spatial variability. Because PCA is based on maximizing the variance of each mode (otherwise called an eigenvector), the PCA modes are sensitive to the temporal and spatial resolution of the data. Using rotated PCA alleviates the above problem and tends to yield more physically insightful results in space and time (Richman 1986 ).
Results
We first examine the wavelet transforms and the rotated PCA results based on the precipitation time series of the entire 30-yr period. Then the results for the northern winter and summer seasons will be presented. To provide a basis for further discussion on the characteristics of the spatio-temporal fluctuations of precipitation, we illustrate in Fig. 3a the annual mean precipitation amounts over the United States. There are two dominant centers of annual mean precipitation, located over the central Gulf Coast and the Pacific Northwest states (Higgins et al. 1996b (Higgins et al. , 1997 . Both centers have annual mean precipitation exceeding 3.5 mm day Ϫ1 . In the annual mean sense, the driest regions are located over the Rockies and the desert Southwest (Higgins et al. 1996b ). There are large seasonal fluctuations over most of the regions. For example, the Pacific Northwest precipitation is dominated by frequent winter Pacific storms (Fig. 3b) . During the warm half of the year, it is relatively dry. On the other hand, the Midwest is dominated by summer rainfall caused by frequent thunderstorms in the region (Fig. 3c) (Schubert et al. 1998; Wallace 1975 ). Figure 4 displays the log-log plot of the energy as a function of timescales at selected grids throughout the United States. At most of the grid points, there is an approximate linear relation between the logarithm of the energy and the logarithm of the timescales in hours at the shorter timescales. This relationship breaks down at about the annual timescale at most points. This result is especially true near the Pacific Northwest grids (46ЊN, 122.5ЊW), which indicate a strong annual cycle in the variance of precipitation. Over California (38ЊN, 120ЊW), there is also a peak at the 1-yr scale. In addition, the energy increases at the 15-yr scale, indicating a decadal signal in California precipitation. The energy
a. Temporal structures of precipitation fluctuations
spectrum over the Southwest monsoon region (32ЊN, 112.5ЊW) shows considerably lower energy at the smaller timescales as compared with other regions and a relatively less steep spectrum from 2 h to 21 days. Whether this difference is due to the sparse gauge stations and possible undersampling is not clear. There is also a weak peak at the yearly timescale, but not as strong as the peak in the Pacific Northwest region. The approximately linear negative slope in Fig. 4 at the shorter timecales indicates that the energy decays as the temporal scale of the fluctuation increases.
To explore the possible relation between the behavior in spatial scales and temporal scales, we show in Fig.  5 the energies of all temporal scales obtained from 2 h (Fig. 5a ) to 15 yr (Fig. 5q) . The total energy, when summed over all timescales and divided by the length of the data, is the variance of the data and is shown in Fig. 5r . The energy associated with the 2-h timescale exhibits low spatial coherence. As the temporal scale increases from 2 h to 5.4 days, the spatial structure of the variance is smoothed considerably. On the other hand, the spatial structure does not change significantly from 2.7 to 85 days. At about the yearly timescale, the northwestern United States shows the maximum variability. The peak in the 341-day (approximately annual) cycle is very strong here in comparison with those of the rest of the country. (This feature will show up again when we look at the winter precipitation variability in Fig. 8a .) For scales longer than a year, the spatial structure of precipitation variability differs more strongly from one scale to another except for the center over the Pacific Northwest, which is always strong. At the longest resolvable timescale (15 yr), the maximum variability is located over California, reflecting the decadalscale variability of California precipitation. The total variance of the data (Fig. 5r) is dominated by the energy associated with the shortest timescale (Fig. 5a) .
b. Spatio-temporal organizations of precipitation fluctuations
The spatial structures of energy associated with the 17 timescales identified using wavelet transforms are not independent. To determine further the dominant precipitation spatial fluctuations, rotated principal component analysis is applied to the spatially normalized scale series [see Eq. (8)]. The first four dominant modes of spatial fluctuations explain more than 96% of the total variance associated with the 17 temporal scales. Thus the 17 energy fields (Fig. 5) are effectively reduced to the four dominant fields.
The rotated eigenvectors (Wilks 1995) of the four dominant modes are shown in Fig. 6 . The principal components of the first four modes are shown in Figs. 7a-d . The rotation helps in grouping similar spatial modes together. The first mode (Fig. 6a ) is large at timescales from 16 h to about 43 days. The maximum is located at timescales of 2.7 and 5.4 days. It is close to the typical synoptic scales. This mode explains more than 40% of the total spatial variance of energy summed over all 17 temporal scales. The spatial pattern (Fig. 7a) of the synoptic-scale fluctuations is dominated by a broad maximum over the central Gulf states as well as a maximum along the West Coast states, similar to the general patterns of the 5.4-day energy field in Fig. 5g . The second mode (Fig. 6b) has a dominant timescale at 1 yr and 171 days. We call this mode the seasonal scale, and it explains 31% of the total spatial variance. The seasonalscale spatial fluctuations in Fig. 7b are similar to the synoptic-scale spatial fluctuations, although the center over the Gulf states diminished considerably and the Pacific Northwest center strengthened on this scale, as compared with the synoptic scale. This result indicates that precipitation over the Pacific Northwest has a strong seasonal dependence as compared with other regions over the United States. This seasonal dependence is clearly seen in Figs. 3b and 3c . Interestingly, the seasonal mode also captures the weak precipitation seasonal variation over the Southwest monsoon region and the Midwest region, consistent with Figs. 3b and 3c. The third mode is large at the short end (2-16 h) of the scale spectrum, with a maximum at 2 and 4 h. The shorter timescale suggests that this mode may be dominated by convective-scale activity. This mode may not represent the true intensive convective scale, however, because the horizontal resolution of 2Њ by 2.5Њ filters out much of the true convective rainfall. Hence this mode is called the subdiurnal scale, and it explains 21% of the total spatial variance. The spatial scales associated with the subdiurnal-scale precipitation fluctuations are much smaller (Fig. 7c) than the synoptic and seasonal spatial scales. The major centers are located over the Gulf Coast states and the Midwest. Some of the individual centers in Fig. 7c are collocated with the centers of maximum synoptic-scale fluctuations in Fig. 7a -for example, the southeast-and northwest-oriented centers over Texas and Louisiana. This collocation in centers between the synoptic and the subdiurnal or shorter timescale suggests the embedding of convective activity within synoptic activity over the regions, reflecting the approximately log-log linear behavior at the smaller timescales in regions of high variance. However, the horizontal resolution of the data (2Њ ϫ 2.5Њ) prevents the representation of the smallest convective scale, and the spatial embedding might be an artifact of the spatial resolution of the data. There are numerous studies that support this kind of spatial embedding of subdiurnaland convective-scale precipitation within synoptic scales (e.g., Olsson and Niemcynowicz 1996; Kumar and Foufoula-Georgiou 1993b; Gupta and Waymire 1993; Schertzer and Lovejoy 1987) . The fourth mode has a peak at 15 yr, which is the longest timescale that can be identified by the wavelet transforms on the 30-yr hourly data. The length of the data is probably not enough to reveal a statistically significant result; however, this mode explains only about 5% of the total spatial variance. But it is interesting to see the center located over California, which may be associated with the decadal-timescale rainfall fluctuations (Trenberth and Hurrell 1994; Latif and Barnett 1996) in the region. Notice that short-term fluctuations on seasonal and synoptic scales collocate with the climatic center over the California region, indicating multiscale variability of rainfall in the region.
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The results of the rotated PCA analysis indicate that rainfall fluctuations are organized into several dominant categories: subdiurnal, synoptic, seasonal, and climatic scales. Each category has an associated spatial structure. The percentage of spatial variance explained by each mode reflects both the spatial and temporal coherence of precipitation variability. Although each spatial structure associated with the particular temporal scale is distinct from the others, there is a large degree of organization between different scales, especially between synoptic and subdiurnal timescales.
c. Comparison between winter and summer precipitation fluctuations
The results in the previous section contain information for all four seasons. The spatio-temporal behavior of precipitation fluctuations can be very different in winter and summer. The variances of the hourly precipitation for the four seasons are shown in Figs. 8a-d. It is interesting to notice the broad similarities between the variances of precipitation in winter (Fig. 8a) and the spatial fluctuation of synoptic-scale energy in Fig. 7a , and between the variances in summer (Fig. 8c) and the spatial fluctuation of the subdiurnal-scale energy in Fig.  7c . Notice in particular the predominant center over the Pacific Northwest in winter in both the variance (Fig.  8a ) and synoptic-scale energy (Fig. 7a) . These similarities suggest that wintertime precipitation fluctuations are mainly associated with synoptic scales and the summertime fluctuations are more related to subdiurnal or short timescales. There are considerable differences between winter precipitation variance and the synopticscale energy, indicating the contribution of energy from shorter timescales to the total variance in winter. The variances in spring (Fig. 8b) and autumn (Fig. 8d) are similar to each other and are closer to the corresponding winter pattern.
Given the large differences in winter and summer precipitation fluctuations, it is worthwhile to examine these two seasons further. To avoid smoothing out the fluctuations at the individual timescales for the summer and the winter seasons, the energies of the wavelet spectrum for the respective seasons are calculated as the sum of the energies of those seasons for all the years. This method is done instead of calculating the energy of the wavelet spectrum for an average season for the 30-yr period. Then rotated PCA (RPCA) is applied to the precipitation energies at the different timescales. The eigenvectors of the first two RPCA modes for winter and summer are shown in Figs. 9a-d. The first two modes represent 72% of the winter and 69% of the summer total spatial variance of energy. During the winter, the most dominant eigenvector (Fig. 9a) shows a maximum at scales ranging from 16 h to 5.4 days. The maximum of the eigenvector is at 2.7 days. This mode explains 43% of the total spatial variance and is called the winter synoptic-scale mode. The second mode in winter (Fig.  9b) explains 29% of the total spatial variance and is centered at the shortest end of the temporal spectrum, 2 h. This mode is the winter subdiurnal mode. The most dominant mode in summer (Fig. 9d) explains 37% of the total spatial variance and is centered at the hourly timescales. It is not surprising that the summer precipitation activity is dominated by energies at the shorter or the subdiurnal timescales. It is more surprising that the synoptic-scale precipitation activity in summer is almost equally important, explaining 32% of the total spatial variance of energy. The lack of dominance of the shortest timescales in the summer may be an artifact of the 2Њ ϫ 2.5Њ spatial discretization. The timescale for the second mode in summer is from 32 h to 5.4 days, similar to the winter case. When compared with Figs. 6a and 6c, the subdiurnal-scale mode shows very similar temporal structure in all cases, and the synoptic-scale mode is shifted slightly toward the shorter timescale in winter and summer than in the case of all four seasons.
The principal components associated with synoptic and subdiurnal scales for both winter and summer are shown in Figs. 10a-d . The winter synoptic-scale pattern is very similar to the synoptic-scale pattern in Fig. 7a for all four seasons. In both cases, the main centers are located over the southeastern United States and the Pacific Northwest. The amplitude of the Pacific Northwest center is enhanced in the winter season, because of the dominant winter precipitation there. The synoptic activity over the southeastern United States in winter does not extend as far north as in the case of Fig. 7a , as a result of the summer synoptic-scale activity there. The subdiurnal-scale activities in winter show more isolated centers than do the synoptic scales. These regions of strong convective activity, however, coincide with those of the synoptic scales. The collocation of the maximum energy for both the subdiurnal and the synoptic scales suggests the organization of the short timescale activities by the longer timescales. Several studies have confirmed similar organization of smaller scales within larger ones (e.g., Kumar and Foufoula-Georgiou 1993b; Gupta and Waymire 1993; Schertzer and Lovejoy 1987) . However, the coarse horizontal resolution of the data is a limitation in concluding whether this result is a true phenomenon.
For the summer season, the region of strong synopticscale activity is confined to the eastern half of the United States, with maxima over the Midwest and the Gulf Coast states. The spatial structure of the subdiurnal-and synoptic-scale energy is again similar, with more isolated centers for the shortest timescale. There is a large degree of collocation of centers between the two scales, indicating the synoptic-scale organizations embedding the convective-scale precipitation in summer as noted in other studies (e.g., Gupta and Waymire 1993 and references therein).
Comparing the precipitation activities between winter and summer, one notices two distinct differences. The first is that summer precipitation is dominated by both the subdiurnal and synoptic activities (which might be an artifact of the data), and the winter is dominated by synoptic activities. The second difference is the geographic distribution of the precipitation activity. In the summer, it is mainly over the Midwest; the winter is centered over the Southeast and West Coasts. The embedding of subdiurnal activity by the synoptic scales, however, is valid for both seasons, despite the abovenoted differences.
d. Temporal and spatial fluctuations of extreme summer events
So far we have studied the different scales of variability of precipitation over the coterminous United States for long-term mean conditions. As discussed in the introduction, one focus of this study is on extreme precipitation events. For example, both the subdiurnal (Fig. 10d) and synoptic (Fig. 10c ) modes show large amplitude over the Midwest region in summer. It is interesting to examine whether a flood or a drought event is predominantly influenced by the precipitation fluctuations on synoptic or shorter timescales. To characterize the droughts and floods, we constructed an areaaveraged precipitation time series P i for the summer season over the grid range 32Њ-46ЊN, 105Њ-85ЊW. This area was selected to cover most of the anomalous precipitation regions in the Midwest, capturing the main centers of the synoptic and the subdiurnal energy shown in Figs. 10c and 10d . This region is correlated at the 95% significance level to the point of maximum variance, 38ЊN, 97.5ЊW, in summer (Fig. 8c) . The precipitation time series is normalized as follows: Great Plains, 32Њ-46ЊN, 105Њ-85ЊW.
where P i is the area-averaged precipitation time series, is its standard deviation, and i is the year index. The P i precipitation index time series X i is shown in Fig. 11 . Defining the extreme events to be those exceeding 1.5 standard deviations, for the given region and the 30-yr period, the three driest summers are 1976, 1983, and 1988 , and the three wettest summers are 1981, 1992, and 1993. To characterize the precipitation variability at all individual scales during extreme summers, we calculated normalized energy indices in the same way as Eq. (11) but for the area-averaged energy series at each temporal scale,
where Y i is the energy index time series for a given scale, the area-averaged energy time series for that EЈ i scale, is its standard deviation, and i is the year ,
EЈ i
index. The indices for the 10 temporal scales are shown in Fig. 12 . The main features are that, in the years with wetter conditions, in general the energy indices in all scales are positive; in the drier years, the opposite is true. It is difficult, however, to detect by eye any predominant scale selection in which subdiurnal events or synoptic events dominate during the flood or drought years. To quantify the relation between precipitation index and energy indices at each temporal scale, we computed the correlation coefficient r,
N where X i and Y i are the standardized precipitation index and energy index, respectively, for the year i, and N is the total number of years, N ϭ 30 here. The first row in Table 1 shows the correlation coefficient at each scale. A Monte Carlo statistical significance test shows that a correlation coefficient of 0.39 is statistically significant at the 99% level. All correlations are above the 99% statistical significance level, indicating that variability at all temporal scales contributes positively to the precipitation anomalies. The highest correlation is found at scale 16 (0.87) and 32 h (0.87). The lowest correlation is found at the scale of 43 (0.44) and 11 days (0.48). It is interesting to notice that there is an increase of correlation at the 21-day scale (0.73), possibly related to the 22-day mode recently identified by Mo (2000) . The correlation results clearly show that although all temporal-scale variability contributes to the seasonal mean precipitation fluctuation, the largest contribution comes from a scale of 16 h to 2.7 days, an intermediate scale longer than the subdiurnal scale but shorter than the synoptic scale.
To examine further whether there is a difference between droughts and floods in terms of contribution from variability at different temporal scales, we considered extreme droughts and floods separately in the covariation between precipitation index and the energy index. This approach is done by first selecting drought and flood events that exceed one standard deviation. For the flood events, for example, a quantity similar to correlation in Eq. (13) is computed just for the selected flood years. Because the time series in this case is not centered, the result from this calculation is different from the correlation index, and we call it the congruence index (r). Congruence indices for flood (r ϩ ) and drought (r Ϫ ) years are therefore calculated as
Ϯ Ϯ M where X i and Y i are the precipitation and energy indices for the year i that has precipitation anomalies above (below) one standard deviation, and M ϩ (M Ϫ ) is the total number of years considered for which the standard deviation is greater than (less than) one. The congruence index is included in the second and third row of Table  1 . Large positive values of the congruence index indicate that the two series vary similarly. Most scales show 99% statistical significance in the congruence index, except the 11-day scale, which is not significant for either droughts or floods, and the 43-day scale, which is not significant for the drought years. For the drought events, the largest congruence is found at 32 (2.17) and 16 h (1.94); for the flood events, the largest congruence is found at 5.4 (2.77) and 2.7 days (2.65). This result indicates that the lack of intermediate-scale precipitation activity contributes more toward drought events, and the enhanced synoptic-scale precipitation activity (2.7 and 5.4 days) contributes more toward the flood events.
The hourly-scale precipitation activity, on the other hand, does not seem to be dominant in either the droughts or the floods in summer. The above conclusion supports the results of Mo et al. (1995) and Liu et al. (1998) that showed enhanced synoptic-scale activity played an important role in the 1993 floods. The implication of the above results to droughts is not clear and is worth further investigation in the future. The spatial pattern of the extreme events in summer can be examined by projecting the energy of the precipitation onto the summer synoptic and subdiurnal modes shown in Figs. 9c and 9d . The spatial patterns of the most recent flood (1993) and drought (1988) are shown in Fig. 13 . For the summer of 1993 (Figs. 13a,b) , the precipitation maximum over Iowa, where severe flooding occurred, has been captured. The spatial patterns of both the subdiurnal and synoptic scale of the 1993 flood are more coherent than that of the average summer (Figs. 10c,d) ; those of the 1988 drought resemble the average summer more closely. The amplitudes of both the synoptic and subdiurnal projection are stronger for 1993 than for the average summer, indicating enhanced synoptic and shorter-timescale activity. This result is consistent with the congruence calculation above. For the 1988 summer, the amplitude of the subdiurnal-scale projection is slightly weaker than the normal summer condition; the amplitude of the synopticscale projection is similar to the average summer. In general, the spatial patterns for the 1988 drought and 1993 flood are similar to the spatial patterns of the precipitation anomalies [see Fig. 2 of Min and Schubert (1997) ], indicating that the anomalies are caused by fluctuations both in the subdiurnal and synoptic scales. A similar comparison has been done for other dry and wet years and it confirms the above result.
Summary and discussion
Using the 30-yr gridded hourly precipitation data over the United States, this study attempts to unravel the spatio-temporal scales of precipitation using the temporal wavelet transforms and the rotated PCA on the energy fields at different timescales. When wavelet transforms are applied to all grid points over the United States, it is found that the energy spectrum of precipitation has an approximate log-log linear relationship at the smaller temporal scales that breaks down at about the annual timescale. This result indicates that the energies of precipitation on different temporal scales (particularly at the synoptic scale and the smaller timescales) are closely related to each other. This finding suggests that knowledge of the behavior of precipitation on one timescale can be used to infer that on a different timescale (Fabry 1996; Schertzer and Lovejoy 1987 and references therein) .
Several studies exist to date that investigate the temporal and spatial behavior of precipitation and clouds in the United States for different regions and seasons (Higgins et al. 1996a,b; Min and Schubert 1997; etc.) . Similar studies have been done by many for individual convective and synoptic precipitating systems either by studying their individual behavior or by making appropriate composites of them. However, this study differs from the previous work in that it attempts to explore the spatio-temporal behavior of precipitation for timescales ranging from 2 h to 15 yr without filtering out any temporal or spatial information. A main limitation of this study has been the spatial resolution of the data (viz., 2Њ lat ϫ 2.5Њ long), which precludes the study of the smallest convective scales. To identify the temporal scales of variability that have similar behavior spatially, a rotated PCA is applied to the normalized energy of precipitation. Four dominant modes emerge, which together explain more than 96% of the total spatial variance of normalized energy. These four modes are associated with subdiurnal scale (2-16 h), synoptic scale (32 h-42 days), seasonal scale (42 days-2 yr), and climatic scale (15 yr). For the entire 30-yr hourly data, which includes all four seasons, the synoptic scale is the most dominant spatial mode and shows coherent spatial structure throughout the United States. The seasonal-scale mode is the second most important mode, which is most dominant over the Pacific Northwest region. The third spatial mode is the shortest timescale, or the subdiurnal mode, with relatively small and incoherent spatial structures. It is interesting to note that, despite the length of the data, the analysis is able to pick out the small-scale features of the data. The climatic mode is important only over the California region, which contributes to 5% of the total spatial variance, but the length of the data is probably insufficient to reveal a statistically significant result. This mode may be related to the 20-yr variability of precipitation noticed by Haston and Michaelsen (1994) , which is possibly influenced by tropical (e.g., Trenberth and Hurrel 1994) or midlatitudinal (e.g., Latif and Barnett 1996) SST. The regions of large amplitude in energy are, in general, located at the same area for both the subdiurnal and the synoptic scales.
The results for the winter and summer seasons indicate that the winter precipitation is dominated by synoptic scales; the summer precipitation shows a slight dominance of the subdiurnal scales over the synoptic scales. Data with finer horizontal resolution might reveal more dominance of convective scales in summer. The regions of large amplitude in energy in winter and summer also differ significantly. In the winter, the main precipitation fluctuations are found over the Southeast and the Pacific Northwest; in the summer, they are mainly over the Midwest and the Gulf Coast states. In both cases, however, the subdiurnal scale is embedded in the synoptic-scale centers. There are numerous studies that support this kind of spatial embedding of convective or smaller-timescale precipitation events within synopticscale events (e.g., Olsson and Niemcynowicz 1996; Kumar and Foufoula-Georgiou 1993b; Gupta and Waymire 1993; Schertzer and Lovejoy 1987) .
By examining the area-averaged precipitation index over the U.S. Great Plains and the corresponding energy indices for each temporal scale for the summer season, it is found that variability at all temporal scales contributes positively toward the summer seasonal mean precipitation anomalies. For the drought events, the lack of precipitation activity on the intermediate scales, ranging from 16 h to 2.7 days, contributes the most toward the negative seasonal mean precipitation. For the floods, however, the enhanced precipitation activity on synoptic scales, at 2.7 and 5.4 days, tends to contribute more toward the above-normal precipitation. This last conclusion is consistent with those of Mo et al. (1995) and Liu et al. (1998) on the 1993 Midwest floods. Whether the degree of different-scale precipitation activity is related to boundary forcing such as the sea surface temperature anomalies and soil moisture fluctuations, or to the moisture transport in the atmosphere, is a topic that will be investigated further in the future.
